The configuration interaction in the odd states of the copper atom and its effects on energy levels and transition probabilities have been studied with the multiconfiguration Hartree-Fock method. Relativistic effects have been included to first order. Good agreement is found between the results of the present work and available experimental data. The origins of observed irregularities in the energy-level structure and lifetime trends are explained. Properties of importance for the possible generation of additional lines in the copper-vapor laser are discussed.
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I. INTRODUCTION
The electronic structure of the copper atom is similar to that of the potassium atom but copper has ten additional electrons. In the ground state these occupy the 3d shell. The ground state of copper, as of potassium, is 4s S, &2 and copper has the same nl L Rydberg series as the alkali-metal atoms. An energy-level diagram of the copper atom is shown in Fig. 1 . The presence of the 3d electrons causes a number of effects which are not found in the alkali-metal atoms and which make theoretical calculations for the copper atom rather more complicated.
Since the 3d orbitals are more extended in space than the 3p or other inner-shell orbitals, the 3d shell is more strongly inAuenced by the valence electron. This effect is different in different states. Therefore, in a theoretical calculation, it will be a much too crude approximation to include the 3d shell in a fixed core. On the other hand, not to include it and treat copper as an eleven electron problem, would make the calculations impractical.
The energy needed to excite an electron from a 3d to a 4s or 4p state is less than the ionization energy, so, in addition to the 3d' nl L states copper has a number of bound state belonging to the configurations 3d 4s and 3d 4s4p. These may interact with states in the 3d' nl L Rydberg series. The 3d 4s configuration gives rise to a D term only, which is situated far below any of the 3d' nd D states with which it could possibly interact.
The 3d 4s4p configuration gives rise to nine different terms' of which 3d 4s( D)4p P, D, F, P, D, and F Energy (1000 crn ') 1988 The American Physical Society are situated between the 3d' 4p P and 3d' Sp P levels and 31 4s ('D) 4p P, , and F are situated between the 3d' 6p P and 3d' Sp P levels. It has been pointed out that a more correct way of naming these doublets would be to label the lower ones 31 4s4p( P) L and the upper ones 31 4s4p('P} L. The coupling is not pure in either scheme but the states are much more strongly mixed in the former. Whichever scheme one chooses to work with in a theoretical calculation does not have any effect on the results as long as all interactions are included. For computational reasons the left-to-right coupling has been used in this work.
The 31 4s4p states interlap the 31' np P and 31' nf F series and have the same parity and therefore a strong configuration interaction with these states can be expected. The P series was once called "probably the most distorted series known. " The fine-structure splittings are very irregular in the P series and quite regular in the D series. Measurements of the lifetimes in the P series show that some of them are extraordinarily short and that they are strongly Jdependent.
In unperturbed Rydberg series the lifetimes are expected to scale as (n'), where n' is the effective principal quantum number. Recent measurements of the lifetimes in the S and D series show that neither of these follow such a trend.
The 31' 4s S -31' 4p P transition has been studied with the multiconfiguration Hartree-Fock method and with a core-polarization model potential in a relativistic Hartree-Fock calculation. ' It seems that the greater success of these two calculations compared with Hartree-Fock or relativistic Hartree-Fock' calculations, which both give approximately 1.8 times too large transition probabilities, primarily comes from a better description of the 31 shell.
The Rydberg series of copper have been studied with the pseudopotential method" and with the numerical Coulomb approximation. ' As is said in the latter of these two works, but which applies to both, the P states cannot be expected to be well described since the interaction with the 31 4s4p states has not been included.
Calculations for the 3d 4s4p states have been performed with the method of varying the values of the radial integrals in order to fit the calculated energy-level values to the experimental ones. ' ' Unfortunately neither of these calculations includes any 3d' np P or 31' nf F states above 31' 4p P. The interaction with these states is, as has often been suggested ' ' and will be shown in this work, of the greatest importance. Both calculations do, however, include interaction with the 3d 4s 4p states. So far, these states have not been found experimentally and they are expected to lie in the continuum.
In the present work, wave functions are calculated for all states of the copper atom with L (3 and an energy of less than 60100 cm ' above the energy of the ground state. The calculations were performed using the rnulticonfiguration Hartree-Fock (MCHF} method' with relativistic effects included in the Breit-Pauli approximation. For some states a term energy correction is made. The intention of this work is to study the configuration interaction and its effects and to explain the irregularities mentioned above. Particular attention is paid to the radiative properties. Transition probabilities for all allowed transitions between the investigated states are calculated and compared with experimental data.
II. METHOD OF CALCULATION
The J-dependent lifetimes and irregular fine-structure splittings indicate that the calculated wave-functions, or at least wave-function compositions, should be J dependent. At the same time it is necessary to include the configuration interaction. This has been done in the present work by using computer programs in the MCHF package of Froese Fischer. ' Nonrelativistic wave functions have been calculated using the configuration expansions listed in Table I . In all calculations the 1s, 2s, 2p, 3s, 3p, and 3d orbitals were taken from a Hartree-Fock calculation-of the ground state of Cu III, 3d D, and kept fixed. This fixed-core approximation will inhuence the calculated energies of the states. In particular it will have different effects on states with nine or ten 3d electrons.
In the cases where we have configuration interaction between neighboring states with different numbers Of 3d electrons this is not acceptable since the configuration interaction depends critically on the relative position of the states. The tenth 3d electron, when there is one, is allowed to be different from the nine others and is varied in the MCHF calculation. This is the same approach as has been used in the MCHF study of the 3d &o4s 2S -3d io4p 2P transition. The configuration 3d 3d' 'S, where 3d' is different from 3d, is expressed as (31' + 31 312) 'S with orthogonal orbitals. This makes it possible to include some of the polarization of the 3d shell. In the relativistic calculation which is to follow, one has, wit/ the present computer program, to use orthogonal orbitals. This means that the 4s and 4p orbitals used in 31' 4p P and in all the different 31 4s4p states have to be the same. Since they can only be optimized for one statein this work 3d' 4p P has been chosenthey will cause a too high energy of the other states. The problem with the wrong relative position of interacting states, which is caused by the fixed-core approximation and by the orthogonal orbitals, is circumvented by manually changing the average energy of each of the 3d 4s4p terms.
A further worry is that the shape of the 4s and 4p orbitals is crucial for the calculation of matrix elements for the transition probabilities and of mixing coefficients for the configuration interaction. That they really vary from one state to another can be seen in Table II , where the expectation values of the radius of 4s and 4p orbitals, optimized for different states, are listed. The calculation for 3d' 4p P is the same MCHF calculation as is used in the rest of the work, the calculations for 3d 4s4p L are twoconfiguration calculations of 31 4s(' D)4P L and the ones for 3d 4s4p L are single-configuration calculations. The fixed core previously described was used. A simple test of the effect on the transition probabilities has been made by calculating transition matrix elements between the 3d 4s4p states and the 3d 4s D and 3d' 4s S states. 
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Ionization limit
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The latter two were, in this case, calculated as 3d 4s D and [3d' 4s+3d 3dz(' 'S)4s] S, respectively. All allowed transition matrix elements were calculated in the length form using 4s and 4p orbitals in the odd state optimized either for the state itself or for 3d' 4p P. Judging from this simple test, the effect of using the same 4s and 4p orbitals in all odd states is that the transition matrix elements to the ground state become 12% too small for the lower 3d 4s4p P states and 27% too large for the upper ones and those to 3d 4s D 3% too small for the lower L states and 11% too large for the upper ones. In the rest of this work, where all the odd states are described using one set of orthogonal orbitals, it seems, judging from the mean radii of the 4s and 4p orbitals, to be advantageous to optimize these for the 3d' 4p P state rather than any of the 3d 4s4p states which have the more divergent values. The MCHF procedure was used to produce a set of orthogonal orbitals. First a calculation was performed for the 3d' 4p P state in which one 3d orbital was allowed to be different from the nine others and where the configuration interaction with the 3d 4s4p P and 3d 4s 4p P states was included. The configurations are listed in Table I . In this calculation the 3d2, 4s, and 4p orbitals were varied. Keeping these orbitals fixed the rest of the np orbitals (n=5 to 9) were calculated in consecutive MCHF calculations in which only the new np orbital was varied and where it was made orthogonal to all previously calculated p orbitals. The same procedure was then followed for the 3d' nf F states (n=4 to 7).
With the thus obtained orbitals a configurationinteraction (CI) calculation was performed. In this all relativistic contribution to the Hamiltonian except orbitorbit interaction were included and a much larger wavefunction expansion than previously was used (73 configuration state functions, see Table I ). In this calculation the mixing coef5cients are calculated with the orbitals kept fixed and all the odd states are obtained in one calculation. For comparison the ionization limit has been calculated using the same procedure as for the bound states and the wave-function expansion (3d' +3d 3d2) 'S where 3d2 was varied in the MCHF calculation. The energies of the bound states, relative to the ionization limit, are given in Table III are also included. For the 3d ' 6f F and 3d ' 7 f F states the experimental energy has been estimated by assuming n ' =n -0.01, which is justified from a study of the quantum defect of the lower 3d' nf F states. The position of the 3d 4s 4p states is not known from experiments but from comparison with other spectra it has been estirnated' that the center of gravity of this configuration lies approximately 50000 cm ' above that of 3d 4s4p. This is in good enough agreement with the distance 61782 cm ' found in this calculation between the lowest states of each of the two configurations, 3d 4s4p P, z~a nd 3d ( F)4s 4p D As has been discussed above, the energy of the 3d 4s4p states relative to the Rydberg series, or to the ionization limit which has been calculated in the same manner, was not expected to be correct. To give the 3d 4s4p states reasonably correct positions (reasonably correct meaning a difference of the same order of magnitude as for most of the states of the Rydberg series, approximately 100 cm ') a new calculation, or rather two new calculations, were performed. In these, the average energy of each of the 3d 4s4p basis functions was lowered by the amount the states of the corresponding term, on average, were too high in the ab initio calculation. The reason why two ca1culations had to be performed is that the upper and lower 3d 4s4p L terms were out of place by different amounts and that both the upper and lower states contain approximately equal portions of the two different 3d 4s4p L configuration state functions. Hence, one calculation was performed where for each L the energies of both 3d 4s4p L basis functions were lowered by the amount the lower L states where too high and one where they were lowered by the amount the upper L states were too high. In both calculations each 3d 4s4p L basis function was lowered by the amount the states of the corresponding term, on average, were too high in the ab initio calculation. The adjustments are given in Table IV . The wave function compositions from the first of the two adjusted calculations were used for 3d' 5p P and the states below it, those from the second for the states above it. The energies from these two calculations are given in Table III under the heading "adjusted. "
B. Even states
In the even states the possibility of configuration interaction is much more limited than in the odd, the only obvious possibility being the interaction between the 3d 4s D states and the 3d' nd D series. These are, however, very far apart, more than 35000 cm ', so the effect can be expected to be much smaller than in the odd states.
For the 3d' ns S states a set of orthogonal orbitals was produced using the MCHF method in a similar way as for the odd states. The same fixed core was used and the configurations included in the expansion are given in Table I . The first MCHF calculation was optimized for the 3d' 4s S state. In this calculation the 3dz, 4s, 4p, and 4f orbitals were varied. In the subsequent calculations for 3d' ns S (n= 5 to 9) only the new ns orbital was varied and it was made orthogonal to those previously calculated. With these orbitals and all couplings of the configurations given in Table I which have a J = -, ' state, a total of 35, a relativistic CI calculation was performed.
The calculated energies relative to the ionization limit are listed in Table III . The energy of the ground state is, in atomic units, -1939.067 487 in the nonrelativistic MCHF calculation and -1952.777 896 in the relativistic CI calculation.
Because of convergence problems when trying to produce a set of orthogonal orbitals for the 3d' nd D states, a separate calculation was performed for each of the even D terms, 3d 4s and 3d' nd, n=4 to 8. For each term an MCHF calculation was performed in which the 3dz, 4s, 4p, 4d, 4f, and nd orbitals were varied. Then for each term a CI calculation was performed using the relativistic Hamiltonian and the same 20 configuration state functions as in the MCHF calculation. The calculated energies are listed in Table III . These calculations show that there is practically no mixing of 3d94s~a nd 3d'and states. The calculated energies of the 3d 4s D states are more than 7000 cm ' too high, i.e. , too close to the 3d' nd D states, but since there is no mixing between them and an increased separation could only make the mixing smaller, this should not have affected the wavefunction compositions. No term energy correction was made for any of the even states.
III. RESULTS AND DISCUSSION
The experimental and calculated fine-structure splittings are given in Table V . Of particular interest is the 3d ' np P series where the highly irregular fine-structure splittings are caused by the interaction with different 3d 4s4p states. The degree to which the calculated finestructure agrees with experiment can here be believed to reflect the degree to which the configuration interaction is correctly reproduced. The fact that the fine-structure splittings are so irregular is, to some extent, due to the large fine-structure splitting of the 3d 4s ('D)4p P term, -2021 cm '. The strongest admixture of 31 4s4p P into the Rydberg series is in the states close to the perturbers, which are not the same for the J = -, ' and the J = -, ' states. Another important feature is that not only the P states of 3d 4s4p interact with the P series, but all states which have the same J value. In particular, 3d 4s4p D3/2 gives large admixtures in the 3d' np P3/2 states.
In the 3d' n f F series we have a similar effect with the 3d 4s ('D)4p F5/2 state mixing most strongly with 3d' Sf F&/2 and 31 4s('D)4p F7/2 with 3d' 4f F7/2. This explains the inverted fine structure of the 3d' 4f F term. Comparing the calculated and experimental finestructure splittings, it seems that the degree of mixing in the Fstates is somewhat too high in the calculation.
For the lower states, 3d' 4p P and 3d' Sp P, which primarily interact with the 3d 4s( D)4p states, the rnixing is not as strongly J dependent as for the upper states. 3d 4s( D)4p P has a fine-structure splitting of only 58 cm ' and mixes more or less equally into the J = -, ' and the J = -, ' states.
Transition probabilities for all allowed transitions between the investigated states have been calculated from the calculated radial wave functions and eigenvector compositions. A list of the transition probabilities and also of the eigenvector compositions of the odd states can be obtained on request. ' The transition probabilities 6. 2' 5. 8' 14. 5b 14. 2' 309 29.8 55. 6b Other methods 11. 4g 11. 6N' 25I' 26N' Of the experimental lifetimes, those obtained by selective excitation * can be assumed to be the most accurate. These have been given with errors of 3% to 9%. In most cases, the calculated lifetimes are between 5% and 25% shorter than the experimental ones. One explanation of this may be that polarization and correlation effects have been included to the greater part but not completely. %hen these effects were not included at all a transition probability for the 3d' 4s S-3d' 4p P transition of almost a factor of 2 too large was obtained, as was discussed in the Introduction.
From these calculations the origin of many irregularities in the lifetime trends of the excited states of the copper atom can be found. The lifetimes of the 3d ' np P series are J dependent, since the mixing with different 3d 4s4p states is J dependent. Most of them are very short since the 3d 4s4p parts of the wave functions give very large contributions to the transition matrix elements both to 3d' 4s S and to 3d 4s D. The transition from 6p P»2 to the ground states is very weak because of cancellation in the transition matrix element.
The 3d 4s4p L states would also be metastable if they did not interact with doublet states. The P&/2, "P3/2, D, /2, and D3/2 states have strong transitions to the ground state because of the 3d' 4p P and 3d 4s4p P admixture. All quartet states (except F9/2) also have transitions to the 3d 4s D states because of the 3d 4s4p L admixture.
The lower 3d 4s4p L states have allowed transitions to the 3d 4s D states but the ones with J = -, ' or -, ' can also decay to the ground state. The transitions to the ground state are enhanced by the admixture of 3d' 4p P. The states with high enough energy also decay to the 3d' 5s S state because of the 3d' 4p 2P and 3d' 5p P admixture.
The upper 3d 4s4p L states have very short lifetimes because of strong transitions to the 3d 4s D states.
Here it is worth recalling that, according to the test of different 4s and 4p orbitals described in connection with Table II , these transition matrix elements may be typically 11% too large which would make the transition probabilities 1.23 times too large. The J = -, ' and -, 'states also have strong transitions to the ground state. These transitions are enhanced by the 3d' np P admixture. Furthermore, they have quite strong transitions to the excited 3d' ns S and 3d' nd D states, in many cases as strong as some of the 3d' np P states and this is caused by the mixing with these states. The 3d' ns S and 3d' nd D states are unperturbed but recent accurate measurements of their lifetimes show that neither of the two series has the (n*) dependence expected for unperturbed series: going up these series the lifetimes become increasingly too short compared with (n') . The same is found in this work. The reason for this is to be found not in the series members themselves but in the states to which they decay. Because of the configuration interaction in the odd states they can decay not only to the 3d ' np P and the 3d ' nf F states, but to many of the 3d 4s4p states as well. Without the configuration interaction these would have been twoelectron transitions but since many of the 3d 4s4p states have large admixtures of 3d' np P, allowed one-electron transitions can be made. So when we go up the Sand D series we successively pass the 3d 4s4p states, thus opening up extra decay channels which shorten the lifetimes of the 3d' ns Sand 3d' nd D states. As has been found experimentally, the present calculation shows that the lifetime of the 3d' nd D states do not have an appreciable Jdependence.
IV. APPLICATION TO THE COPPER-VAPOR LASER
The ideal energy-level structure of the active medium of a cyclic gas-discharge laser, ' is an upper laser level which is connected to the ground state by a strong, allowed transition ( A typically 10 s '), connected to the lower laser level by a somewhat weaker allowed transition (A typically 10 to 10 s ') but which has no other, or at least no other strong, competing decay channels. In a system like this inverted population can be achieved by an electric discharge which populates the upper laser level more than the lower one since the lower one has the same parity as the ground state. These lasers are pulsed, often with high repetition rates, since the lower laser level is metastable. One such system is the copper atom with either one of the 3d' 4p P levels as the upper level and one of the 3d 4s D levels as the lower one. This is used in the copper vapor laser ' and gives yellow or green light. If one of the higher-lying odd states could be used instead of the 3d' 4p P states the laser transition would be in the ultraviolet. It seems that it is not possible to use the 3d ' 5p P states because of the decay to the 3d ' 5s S state. However, higher up in the P series the decay is dominated by the 3d 4s4p parts of the wave function which gives strong transitions to 3d' 4s S and 3d 4s D only. The most promising of these states, judging from the calculated transition probabilities, are 3d' 7p P, /2 and 3d' 8p P, /2 which have branching ratios of only 0.5% and 1.5% to states other than the ground state and the supposed lower laser level. Unfortunately, both these upper states have stronger transitions to 3d 4s D than to 3d' 4s S which would make the inverted population difficult to attain. More promising are the 3d 4s4p states, particularly 3d 4s ( D)4p P& &2 and P3&2 which have transition probabilities to the ground state of 0.62&&10 and 1.19&(10 s ', to the 3d 4s D3/2 state of 0.39)&10 and 5.85&10 s ' and all other transitions together contributing less than 0.1%%uo to the total decay. This is very similar to what is found for 3d' 4p P and indeed also to what was said about the ideal cyclic gas-discharge laser.
The important question which now remains, but which cannot be answered here, is whether the population of these levels, by a discharge, can be made efficient enough and whether the competition with the strong transitions in green and yellow can be overcome. If so, it may be possible to construct a copper-vapor laser operating at 288 or 307 nm, or, if 3d' 8p P, /2 can be used, at 217 nm.
V. CONCLUSIONS
In this study it has been possible to explain a number of irregularities in the energy-level structure and in the radiative properties of the copper atom. Some of these irregularities are in the even, unperturbed series and the major cause of all of the irregularities is shown to be the configuration interaction in the odd states. It has not been possible to describe the correlation in the 3d shell completely ab initio because of the limitation of using or-thogonal orbitals. However, with a term energy correction it has been possible to describe even such a complex configuration as 3d 4s4p in a way which gives results in a good agreement with experiment.
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